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In normal conditions the kidney reabsorbs almost all the
calcium filtered at the glomerulus. The major part of the reab-
sorption is achieved passively along the proximal tubule through
the paracellular pathway. Calcium transport continues in the loop
of Henle where about 20% of the filtered load is reabsorbed by
both passive and active transport pathways. The remaining cal-
cium reabsorption occurs mainly along the distal tubule. The high
transepithelial resistance of this structure excludes the passage of
calcium by the paracellular shunt and implies the predominance
of transcellular mechanisms. Supporting this assumption several
workers have demonstrated that calcium transport in these seg-
ments is hormonally controlled. In the rabbit, the distal tubule
consists of three different segments: the early distal convoluted
bright tubule (DCTb), the connecting tubule and the collecting
duct. The early distal consists of only one cell type and the
transition with the following segment is sharp, so that this segment
is very well delimited. It possesses in its basolateral membrane an
adenylate cyclase sensitive only to calcitonin [11. Although
Shimizu et al [21 have clearly established an overall active calcium
transport in this segment, the cellular mechanisms involved
remain to be clarified. Of course, according to the classical
two-step process the ultrafiltrable calcium enters the cell through
the apical membrane and is extruded across the basolateral one.
Due to the very low cytoplasmic free calcium concentration and
the negative membrane potential, there is a large electrochemical
gradient which favors the passive diffusion of calcium across the
apical membrane. On the other hand, the efflux across the
basolateral membrane is the result of primary or secondary active
coupling mechanisms.
To clarify the mechanisms underlying the calcium transport in
both membranes of DCTh we used primary cultures of microdis-
sected well-defined nephron segments. The resulting epithelia
have been characterized in previous studies [31. They retain most
of the morphological, biochemical and immunological properties
of the original segment. The simple geometry and free access to
the apical membrane of cultured monolayers are features which
make these cultures well adapted to studies using electrophysi-
ological techniques. We therefore investigated the existence of
calcium permeable channels by using the patch clamp technique
on the apical membrane. To determine the intracellular calcium
concentration, we also performed fluorescence experiments after
loading the cells with calcium sensitive fluorescent probes (Fura 2
or Indo 1). The fluorescence intensity inside the cells was analyzed
by either video microscopy or laser scan cytometry. The high
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sensitivity of these methods made it possible to study cultures
growing on semi-transparent permeable supports. By means of a
custom-made perfusion chamber, the basolateral and apical me-
dia could be changed independently providing an indirect method
of estimating calcium movement through the monolayer. By
comparing the data from the fluorescence and patch clamp
techniques, a model of calcium reabsorption across the distal cell
was established.
Calcium pathways in cultured DCTb
Calcium permeable channels in the apical membrane
When seeded on permeable filters, the 12 to 15 day-old
convoluted distal tubule cultures exhibited an apical-negative
transepithelial potential difference (Vt —3.11 0.53 mV, N =
9) and a high transepithelial resistance (Rt = 556 54 f cm2).
Whole cells experiments indicated a cell potential of —56.9 2.9
mV (N = 20). In Fura 2 experiments, we determined a cytosolic
free calcium concentration ([Ca2]1) of 69 3 flM (N = 18). This
value was found to be dependent on the extracellular Ca2 since
a progressive increase of the latter from 0.1 m to 3 m in the
apical solution caused a corresponding rise in [Ca2]1, Conversely,
a decrease in extracellular calcium induced a parallel decrease in
[Ca2]. A similar observation had already been made by BacskaI
and Friedman [4] in primary cultures of mouse TAL. These
workers suggested that internal variations of calcium induced by
external Ca2 were mainly due to calcium entry through the apical
membrane. We have first studied the pharmacological character-
istics of this influx pathway. Figure 1 shows that the rise of [Ca2]1
was strongly blocked in the presence of lanthanum in the apical
solution. Lanthanum is a trivalent cation antagonizing conductive
divalent ions such as Ca2 [51. Blockage of Ca2 channels by La3
is non-specific so we also checked the action of others more
specific inhibitors. Of these, the phenylalkylamine verapamil and
the dihydropyridin nifedipin significantly inhibited the increase of
[Ca2]1. These findings are consistent with the presence of Ca2
channels in the apical membrane of cultured DCThs, and confirm
the results of BacskaI and Friedman [41 and Gesek et a! [6—81 who
showed that stimulation of Ca2 entry in mouse distal tubule was
mediated by a dihydropyridin-sensitive pathway.
By using the patch-clamp technique we confirmed the presence
of Ca2 channels in the apical membrane of cultured DCTh cells.
To record a Ca2-permeable channel we tried to obtain record-
ings in the cell-attached configuration in the presence of 100 m'vi
Ca2 in the pipette solution, but for unknown reasons we could
never detect significant activity lasting for more than a few
seconds. On the other hand electrical activity could be recorded
when the patch was excised from the membrane. In inside-out
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Fig. 1. Cyroplasmic calcium variations (fCaJ1) induced by extracellular cal-
cium pulses on the apical face of cultured DCTh cells. Cytoplasmic calcium
concentration was measured by fluorescent video microscopy with 2 JLM
Fura2 AM as calcium probe. Apical calcium pulses from 0.1 to 1 m induced
a cytoplasmic calcium increases (Li) which were inhibited by 10 LM lantha-
num (P < 0.01), 20 ILM nifedipine (P < 0.05) and 20 rM verapamil (P < 0.05)
Number of experiments are in brackets).
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Fig. 2. Calcium channels in the apical membrane of cultured DCTb cells recorded from excised inside-out patches (A), with corresponding current-voltage
(I/V) relationship (B). Vp indicates the pipette voltage and C the closed state of the channel.
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Fig. 3. Calcium channels in the apical membrane of cultured DCTh cells recorded from cell-attached patches (U) and from excised inside-out patches (0,
•) (A), with corresponding current-voltage (I/V) relationships (B). Vp indicates the pipette voltage and C the closed state of the channel.
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Fig. 4. Pharmacological properties of the calcium channel. The channel was
recorded in the excised inside-out configuration at Vp 0 mV. The
pipette contained 100 mivt BaCI2 and the bath 140 ms NaCI. C indicates
the closed state of the channel. The perfusion on the cytoplasmic face of
1 ILM LaC13, 0.1 mM verapamil or 10 tLM nifedipine strongly inhibited the
channel activity.
configuration, we recorded a channel of 8 Ps conductance (Fig. 2).
In cardiac cells two types of Ca2 ' channel have been described [9,
10]. Type T channels exhibit a conductance of about 8 pS and are
equally permeable to Ca2 and Ba2 whereas type L channels are
twice as permeable to Ba2 than to Ca2t On the basis of these
observations, we chose to continue our experiments using Ba2
instead of Ca2t With 100 mivi BaCI2 in the pipette solution we
recorded single-channel activity in the cell attached and in the
inside-out excised configurations (Fig. 3), with maximal conduc-
tances of 15 pS and 13 pS, respectively, and permeability ratio
Pa2*/Paz+ of 1.4. In ion-substitution experiments we did not
detect any significant permeability to Na or Cl indicating that
the channel is highly selective to Ba2 and consequently to Ca2.
Pharmacological characterization of this channel confirms the
results obtained in fluorescence experiments: lanthanum, vera-
pamil and nifedipin strongly blocked the channel activity (Fig. 4).
The presence of dihydropyridin-sensitive Ca2 channels has been
—Vp(mV) documented in the distal tubule of rabbit [11] and pig [12].
o Moreover the recent study by Barry, Gesek and Friedman [13]
demonstrated the expression of a type L channel in the mouse
distal tubule. Finally, on the basis of their ionic selectivity and
pharmalogical properties it is reasonable to conclude that the
Ca2 channels found in the cultured DCT resemble the type L
o channels recorded with excitable cells [10].
Of the cation-permeable channels present in various cell types,
some are non-selective and exhibit calcium permeability [14, 15].
In a previous paper we characterized a non-selective cation
o channel in primary cultures of DCTb. This channel did not
discriminate between Na and K and was not blocked by the
diuretic amioride [16]. We also investigated the calcium permeabil-
ity of this channel and found that neither BaCl2 nor NaCl in the
pipette solution modified the open probability or the conductance
of the channel (Fig. 5). Moreover, this channel was totally
insensitive to La3 but blocked by 4'-methyl DPC (Fig. 6), a
o specific inhibitor of non-selective cation channels [17]. Finally the
cation channels of cultured DCTh appear to be impermeable to
Ba2 and the major part of the calcium influx across the apical
membrane probably results from a passage through selective
o calcium channels [181.
Na ICa2 exchanger in the basolateral membrane
The efflux of calcium across basolateral membranes proceeds
against the electrochemical gradient and both a Na7Ca2 ex-
change and Ca2 ATPase activity may be involved. In basolateral
membrane vesicles isolated from rabbit kidney cortex, Ramachad-
ran and Brunette [19] demonstrated that the Ca2 ATPase is
located in proximal and distal tubules whereas the Na 1Ca2
exchange system is almost exclusively restricted to the distal
tubule. This observation has been recently confirmed by Yu et al
[201. They carried out microdissected tubule PCR analysis and
showed that a Na/Ca2 exchange is expressed primarily in distal
convoluted tubules.
We were guided by these results in our search for Na/Ca2
exchange activity in the cultured DCTb. For this purpose we used
the calcium-sensitive probe INDO 1 to determine intracellular
calcium concentrations in polarized monolayers. The fluorescence
inside the cells was quantified by means of the ACAS interactive
laser cytometer (Meridian). To avoid the passage of calcium
across the apical channels, the apical compartment was first
perfused with a NaCl solution containing nifedipine. The removal
of basolateral Na increased the [Ca2] whereas an identical
Na substitution in the apical solution did not modify it (Fig. 7).
Moreover, the effect of basolateral Na suppression remained
ineffective in the absence of external Ca2. Such data are consis-
tent with the presence of a Na/Ca2 exchanger in the basolateral
membrane.
Calcium-permeable channels in the basolateral membrane
Due to the inaccessibility of the basolateral membrane of
cultured DCTb, it was difficult to investigate the presence of Ca2
channels by means of the patch clamp technique. For this reason
we measured the [Ca2] from the fluorescence of the Ca2 probe
INDO 1. As for the study of apical membrane permeability, we
imposed variations of the extracellular basolateral calcium and
recorded the simultaneous changes in [Ca2I1. Figure 8 indicates
that increasing the extracellular calcium concentration led to a
proportional increase of [Ca2]1. This increase was abolished by
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Fig. 5. Non-selective cation channels in the apical membrane of cultured DCTb cells recorded in excised inside-out patches (A, with corresponding
current-voltage (IIV) relationships (B). Symbols are: (•) NaCI 145 mM; () NMDGC1 145 ms. Vp indicates the pipette voltage and C the closed state
of the channel. Recordings were similar in NaCl and KCI and in NMDGCI and BaC12.
La3 and greatly reduced by nifedipine but was unaffected by
verapamil. These results suggest the presence of Ca2 channels in
the basolateral membrane of cultured DCTh. Unlike the Ca2
channels in the apical membrane, those of the basolateral mem-
brane were not blocked by verapamil (compare Figs. 1 and 8).
Thus the nature of the channel is probably different in the two
membranes and the hypothesis that the culture process may
induce incorrect insertion of apical channel protein into the
basolateral membrane need not be retained. In their study of
rabbit ileal epithelial cells, Homaidan et al [211 identified baso-
lateral Ca2 channels sensitive to dihydropyridins.
The role of these basolateral Ca2 channels is unclear. They
drive calcium influx across the contraluminal membrane and
could play a role in the regulation of the cytosolic calcium
concentration. Since the basolateral permeability to Ca2 (esti-
mated by the slope of the linear regression between external and
internal Ca2) appears to be much higher than that of the apical
membrane, however it may be that the main role of the basolat-
eral Ca2 channels is to ensure the replenishment of the calcium
stores [22].
Regulation of calcium transport across the cultured DCTb
Hyperpolarization activates the apical calcium influx
In excitable cells, the Ca2 channels are activated by the
membrane depolarization [23]. This is not the case for a variety of
cells assumed to be electrically silent, calcium entry in peritoneal
mast cells [24] and in endothelial cells [25] for example, increases
as the membrane hyperpolarizes.
Examination of the patch clamp results obtained on cultured
DCTh clearly shows that the probability of the apical Ca2
channels being open did not increase with membrane depolariza-
tion. The fluorescence experiments illustrated in Figure 9 con-
firmed this observation: depolarization of the cells induced by
high potassium solutions in the presence of valinomycin did not
modify the [Ca2]1. The absence of Ca2 channel activation by
depolarization has already been reported in microdissected rat
CCT [26], in primary cultures of mouse CAL and distal tubule
segments [4] and in the U cell line [27].
On the other hand, treatments resulting in cell hyperpolariza-
tion enhanced the [Ca2]1 (Fig. 9). It was interesting that this
increase was completely blocked in the presence of apical La3 .
Finally the observed rise in [Ca2] is consistent with a calcium
entry through the Ca2 channels by simple diffusion, since
membrane hyperpolarization increases the electrochemical driv-
ing force. Such a conclusion had also been proposed by Gesek et
al [6—8] on mouse distal cells. Some data obtained by Matsunaga
et al [14] from distal cells treated with PTH, also indicate that the
open probability of calcium channels in inside-out excised patches
was increased by membrane hyperpolarization.
In a preliminary study of pig distal tubules, Lau, Quamme and
Tan [12] demonstrated the presence of dihydropyridine-sensitive
Ca2 channels activated by cAMP. In rabbit distal tubules,
calcitonin via cAMP was also shown to increase Ca2 transepi-
thelial transport [2]. In view of these observations it was of interest
to verify the effect of cAMP on cultured DCTh. In fluorescence
experiments we did not detect any significant effect of cAMP on
the resting [Ca2]1 (Fig. 12) or on the various [Ca2]1 levels
induced by increasing the external Ca2 concentration (Fig. 10).
Since the measurement of [Ca2]1 variations does not necessarily
reflect membrane channel activity, we also studied the effect of
cAMP on Ca2 channels recorded with the patch clamp tech-
nique. In cell-attached configuration, the application of 8-bromo-
cAMP did not modify Ca2 channel activity (data not given).
Considering these results together, suggested that cAMP in-
volvement in Ca2 transport was not via the direct control of the
apical calcium permeability. We therefore investigated the role of
cAMP on basolateral Na/Ca2 exchange.
Cyclic AMP is involved in the control of basolateral Na/Ca2
exchange
In 1986, Hanai et al [28] showed that in rat kidney cortex cells
PTH and cAMP increased the efflux of Ca2 mediated by the
Na47Ca2 exchange. Later, the work by Bouhtiauy, Lajeunesse
and Brunette [29] located the Na/Ca2 exchanger in the distal
tubule and also confirmed that PTH and cAMP enhanced this
mechanism of Ca2 extrusion by the basolateral membrane. In
A
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polarized cultures of DCTh we determined the variations of
[Ca2]1 induced by a rapid decrease of the basolateral external
Ca2 from 1 mr't to 0.01 m. To block any participation of apical
Ca2 channels in [Ca2] control, the luminal membrane was
continuously perfused with nifedipine-containing solutions. As
expected, the free [Ca2] reached a low value when the basolat-
era! Ca2 was reduced. After stabilization of [Ca2J, the addition
of 8-bromo-cAMP induced a further decrease, within two minutes
(Fig. 11). The action of cAMP was not observed in the absence of
basolateral Na or in the presence of bepridil, an inhibitor of the
Na/Ca2 exchange system [301. Thus, these findings provide
some evidence supporting the hypothesis of an effect of cAMP on
Na/Ca2 exchange activity.
Fig. 6. Pharmacological properties of the non-selective cation channel. The
channel was recorded in the excised inside-out configuration at —Vp = 60
mV. The pipette contained 100 mt BaCl2 and the bath 140 ms NaCI. 10
zM LaCl3 and 10 /.tM 4'-methyl-DPC were successively perfused on the
cytoplasmic face of the patch. C indicates the closed State of the channel.
Fig. 7. Cytoplasmic calcium variations induced by
extracellular sodium substitution. Cytoplasmic
calcium concentrations were measured by using
a laser cytometer with 4 /iM Indol AM as
calcium probe. At the time indicated on the
Figure the sodium was substituted by NMDG in
the basolateral (B!) or the apical (Ap) solution.
40 The experiments were performed in the
presence (•) or absence (0) of extracellular
calcium (N = 5).
Breyer [31], from studies carried out on rabbit CCT, suggest
that cAMP raises [Ca2] as a result of coupling between apical
Na influx and basolateral Na/Ca2 exchange. They assume that
the first effect of cAMP was to increase the luminal Na entry via
the amiloride-sensitive Na channels. Although we have demon-
strated the presence of phenamil-sensitive Na channels in the
apical membrane of cultured DCTb [16], the hypothesis of Breyer
does not appear to explain our results. Thus, we have never
observed an increase of [Ca2]1 in the presence of cAMP.
Moreover, in a previous study we found that calcitonin caused a
decrease in lumen-negative voltage probably by blocking the
apical Na channels [31.
On the other hand, Yoshitomi [32] has proposed that in CNT,
1106 Poujeol et al: Ca transport in DCTh
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Fig. 8. Cytoplasmic calcium variations (z[Caj1) induced by an extracellular
calcium pulse on the basolateral face of cultured DCTh cells. Cytoplasmic
calcium concentration was measured by using a laser cytometer with 4 JiM
Indol AM as calcium probe. Basolateral calcium pulses from 0.1 to 3 mM
induced cytoplasmic calcium increases (EIJ) which were inhibited by 20 J.LM
lanthanum (P < 0.05) and 20 JiM nifedipine (P < 0.05) but were not
modified by 20 JiM verapamil (). Number of experiments are in brackets.
I Valinomycin 10J.LM
Fig. 9. Effect of membrane potential on
cytoplasmic calcium concentration in cultured
DCTh cells. Cytoplasmic calcium concentration
was measured by fluorescent video microscopy
with Fura 2AM as calcium probe. The epithelium
was perfused with 140 msi NaCI buffer (•), 140
mM NaCI buffer with 50 JiM lanthanum (0) or
140 KCI buffer(V). Valinomycin was added
during the period shown on the Figure (N = 3).
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PTH via the cAMP pathway, increases cell calcium by opening the
non-selective cation channel and that this increase in turn inhibits
the amiloride-sensitive apical Na channel and therefore causes
the basolateral Na/Ca2 exchange to operate more efficiently
leading to Ca2 extrusion. Such an explanation cannot explain our
results, however, because the non-selective cation channel re-
corded in cultured DCTb is not permeable to Ca2.
In view of the fact that the calcitonin-sensitive adenylate cyclase
activity is confined to the DCTb in the rabbit [1], the question
arises as to whether the hormone induces the same effects as those
elicited by cAMP. To try to answer to this question, we studied the
effect of human calcitonin on [Ca2]. In a preliminary experimen-
tal series we showed that the hormone produced a prompt
increase in [Ca2] (Fig. 12). It was of note that this effect was not
mimicked by cAMP (Fig. 12), suggesting that calcitonin modu-
lates [Ca2I by a non-cAMP-mediated mechanism. Murphy,
4
Chamberlin and Mandel [33] have reported similar results in the
rabbit mTAL. Furthermore, molecular cloning experiments have
clearly established that the calcitonin receptor is coupled to
adenylate cyclase and phospholipase C [34, 35]. However, further
experiments will have to be undertaken to determine whether the
calcitonin-induced rise of [Ca2]1 corresponds to an increase of
the Ca2 influx or/and to a mobilization of internal Ca2 stores.
Conclusions
The results described here, obtained with primary cultures of
DCTh, suggest that the first step of transepithelial Ca2 reabsorp-
tion is due to a passive influx through Ca2-permeable channels in
the apical membrane. These channels are quite distinct from the
non-selective cation channels also found in this membrane but
share some common properties with the type L channels recorded
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Fig. 11. Effect of 8-bromo-cAMP on the Na !Ca2 exchange activily.
Symbols are: (S) control; (El) bepridil; (Li) BI NMDGCI, The apical
membrane was continuously perfused with nifedipine containing solution.
An external basolateral calcium concentration decrease from 1 mM to 0.01
mM induced a decrease of the cytoplasmie calcium. This last value was
zeroed to calculate subsequent cytoplasmic calcium variations ( [Ca],)
induced by iO M 8-bromo-cAMP. NMDG and bepridil solutions were
perfused in the basolateral compartment only. (*) Value significantly
different from that determined at t 0 minutes, P < 0.05 (N = 4).
in excitable tissues although they are not activated by depolariza-
tion. The efflux of Ca2 across the basolateral membrane is partly
achieved by a Na/Ca2 exchange. By using the Nernst potential
for Na and Ca2 and the membrane potential it is possible to
calculate the electrochemical potential of the two ions. At rest
IT
"I
'ICa —23 kJ/mol and Na = —10 kJ/mol and assuming a
stoichiometry 3 Na for 1 Ca2 the driving force for Ca2,
PCa — Na [36] is about +6.5 kJ/mol. Thus Na/Ca2 operates
in the forward mode. The control of calcium reabsorption by
calcitonin could be ensured by an activation of the basolateral
Na47Ca2 exchange via the cAMP pathway. Because the driving
force for the basolateral Ca2 efflux is small, it is probable that the
activation of the Na/Ca2 exchange rapidly leads to a new steady
state with a low [Ca2] and a high [Na]1. Control of the
exchanger only is therefore not adequate to increase the overall
transepithelial Ca2 transport: the presence of a second mecha-
nism would appear to be necessary. One efficient process would be
the increase of apical Ca2 and/or the decrease of apical Na
permeabilities. Calcitonin increases [Ca2I1 in DCTb cells inde-
pendently of cyclic nucleotides. The mediator of this process may
be the inositol polyphosphate turn-over through the activation of
phospolipase C. Luchoff and Clapham [251 described Ca2 chan-
nels in endothelial cells which are permeable to Mn2t Their data
support a role of inositol 1,3,4,5-tetrakisphosphate (1P4) in gating
calcium entry to replenish intracellular stores. It is feasible that, in
DCTb cells, calcitonin enhances the apical Ca2 permeability by
a similar mechanism, although at present there is no clearcut
evidence to support such a hypothesis. However, we have ob-
tained new data showing that Mn2 enters the cell through the
apical Ca2 channel and that this entry is increased in the
presence of calcitonin (data not given).
In conclusion, we propose that calcitonin increases Ca2 trans-
port by controlling the apical Ca2 channels via phospholipase C
and the basolateral Na 7Ca2 exchange via adenylate cyclase.
Recently Gesek and Friedman [8] proposed that the stimulation
by calcitonin of Ca2 entry into the distal tubule is related to an
increased Cl permeability, resulting in a decrease of intracellular
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Fig. 10. Relationship between the external and the internal calcium concen-
tration in the presence (0) or the absence (•) of io—M 8-bromo-cAMP. The
calcium concentrations were changed from 0.1 to 1 mM in the apical
solution only (N 5).
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Fig. 12. Effect of () human calcitonin (HCT) and (0) 8-bromo-cAMP on
resting cytoplasmic calcium concentrations in cultured DCTh cells (N = 5).
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Fig. 13. Schematic diagram of ionic transport mecanisms and regulatoiy pathways which could be involved in the transport of calcium across the DCTh cell.
C1 activity and membrane hyperpolarization. We demonstrated
the existence of C1 permeable channels activated by cAMP in the
apical membrane of cultured DCTh [37]. Thus the hypothesis of
Gesek might also fit our findings. Nevertheless, in other systems
activation of chloride conductance by cAMP induces a consider-
able cell depolarization [38]. All in all, none of the various
hypothesis unequivocally explains the regulation of Ca2 trans-
port in distal cells. Figure 13 is a diagram of the ionic transport
mechanisms that we have identified in cultured DCThs. It is
evident that the putative activation of any one of these mecha-
nisms would interfere directly or indirectly with the Ca2 trans-
port. Only a comprehensive consideration of the different systems
will be effective in solving the puzzle of calcium reabsorption in
distal cells.
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